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Dislocation glide in MgSiO3 bridgmanite with Pbnm perovskite structure is modeled at 30 and 60 GPa 
for the [100](010) and [010](100) slip systems. The velocity of screw dislocations is calculated in the 
thermally activated regime based on the kink-pair mechanism. We show that the dislocation velocity 
determination can rely on the atomic scale calculations of a limited amount of parameters: the Peierls 
stress τp , and the formation enthalpy of a single kink Hk . From the dislocation velocities, the evolution 
of stress as a function of temperature can be derived from the Orowan equation at any strain rate. 
Calculations performed at laboratory strain-rates of 10−5 s−1 reproduce well the high stress levels 
found experimentally. This demonstrates the inﬂuence of lattice friction in the mechanical properties of 
bridgmanite. The same calculations are performed at mantle strain-rate (10−16 s−1). They demonstrate 
that in the lower mantle, bridgmanite would always be in the thermally activated regime and that 
stresses close to 1 GPa are still necessary to move dislocations in bridgmanite. In the uppermost 
lower mantle, dislocation glide is inhibited and other deformation mechanisms, involving diffusion, are 
needed.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Mantle convection is elusive at human timescale since it op-
erates over hundreds of million years. Seismic anisotropy, which 
samples the direction-dependence of elastic wave propagation, 
represents one of the potential observables of past convection 
since it is an indicator of ﬂow patterns in the deep Earth 
through the development of Crystal Preferred Orientations (CPO) 
(Montagner, 1994; Mainprice, 2007). Robust evidences for seis-
mic anisotropy have been reported in the upper mantle and in 
the transition zone as well as in the lowermost lower man-
tle (i.e. in the D” layer). By contrast, a consensus has devel-
oped that the lower mantle at depths between 700 and 2700 
km is mostly isotropic (Meade et al., 1995; Panning and Ro-
manowicz, 2006) although some average radial anisotropy has 
recently been reported by de Wit and Trampert (2015). From 
the mineral physics point of view, this raises the question of 
the deformation mechanism of lower mantle phases. Plastic de-
formation by dislocation creep induces crystal rotation and may 
produce CPO. More speciﬁcally, dislocation creep in its com-
monly accepted sense (Weertman, 1955) involves two deforma-
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0012-821X/© 2016 The Authors. Published by Elsevier B.V. This is an open access articletion mechanisms (see also Boioli et al., 2015 for quantiﬁcation 
in olivine): (i) dislocation glide which is usually the most ef-
ﬁcient strain producing mechanism and which produces shear 
and hence crystal rotation; (ii) dislocation climb which is usu-
ally (in metals, but also in olivine as shown by Boioli et al., 
2015) a recovery mechanism and induces no crystal rotation. Dis-
location glide is thus the mechanism to assess in order to eval-
uate the possibility of CPO to develop. The ability of MgO to 
deform by dislocation glide under lower mantle conditions has 
been studied recently (Cordier et al., 2012; Amodeo et al., 2015;
Marquardt and Miyagi, 2015). Here we focus on the possibility of 
activating dislocation glide in bridgmanite. Deforming bridgman-
ite experimentally is challenging given the pressure needed. In the 
ﬁrst compression experiments performed at ambient temperature 
(Meade and Jeanloz, 1990; Merkel et al., 2003), no texture de-
velopment was observed. Some more recent experiments suggest 
however indications of slip after transformation from San Carlos 
olivine in a diamond anvil cell (Wenk et al., 2004; Miyagi, 2009)
and from multianvil deformation experiments (Cordier et al., 2004;
Miyajima et al., 2009). Recently, the ﬁrst shear deformation ex-
periments at lower mantle conditions of bridgmanite and mag-
nesiowüstite aggregates were reported by Girard et al. (2016). 
However, no information on deformation mechanisms or texture 
development was obtained from this study. under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ing the Peierls potential via a kink-pair mechanism.
In this work, we aim to determine the eﬃciency of dislocation 
glide in the pure MgSiO3 end-member bridgmanite at conditions 
(P , T , ε˙) relevant to the lower mantle. We rely on atomic scale 
calculations to model dislocation glide at high-pressure and tem-
perature. Being based on a modeling of the deformation mecha-
nisms (and not on extrapolation of empirical laws) our calculations 
are able to account for geological strain rates that are impossible 
to reach experimentally. Previous studies have assessed lattice fric-
tion of various slip systems in MgSiO3 bridgmanite based on the 
Peierls–Nabarro model (Ferré et al., 2007; Gouriet et al., 2014). 
From theses studies, it turns out that [100](010) and [010](100) 
are the easiest glide systems. This was recently conﬁrmed by atom-
istic calculations of dislocation core structures (Hirel et al., 2014). 
In the present study, atomistic calculations are expanded and used 
to address the evolution of the critical shear stress associated with 
dislocation glide of these slip systems at ﬁnite temperature. Our 
aim is to show that multiscale modeling of dislocation glide is able, 
with no adjustable parameter to reproduce experimental data ob-
tained at high-pressure and temperature conditions. Moreover, this 
approach is unique in allowing to extend these calculations to low 
strain-rates with no extrapolations, hence providing the ﬁrst rheo-
logical data for bridgmanite under lower mantle conditions.
2. Methodology
In high lattice friction material such as bridgmanite, a disloca-
tion has to overpass an energy barrier V p (the Peierls potential) in 
order to move. At 0 K, a dislocation can only move in response 
to the applied stress and the minimum stress required to trig-
ger glide scales on the spatial derivative of V p (Peierls, 1940). 
We refer to such critical stress as the Peierls stress τp . In other 
words, τp can also be seen as a purely mechanical measurement 
of the lattice friction. At ﬁnite temperature however, the disloca-
tion does not overpass the Peierls potential as a rigid straight line, 
but through a thermally activated mechanism involving the nucle-
ation and the propagation of kink-pairs (Fig. 1). Under the action 
of thermal ﬂuctuations, a part of the dislocation can bulge over the 
Peierls potential. With the help of stress, the bulge (described as 
a pair of kinks) can reach a critical size beyond which it expands 
freely, leading to the propagation of the dislocation into the next 
Peierls valley. Assuming that the nucleation event corresponds to 
the limiting process (as commonly observed in metals and ionic 
materials, including archetype of perovskites such as SrTiO3; see 
for instance the work of Castillo-Rodriguez and Sigle, 2011), any 
dependence of the critical nucleation enthalpy H∗ for kink-pair 
nucleation on the applied stress τ can be expressed through the 
following relationship (Kocks et al., 1975):
H∗(τ ) = 2Hk
(
1−
(
τ
τp
)p)q
(1)
where Hk corresponds to the enthalpy of a single kink (2Hk stands 
thus for the formation of a kink-pair) and τp to the Peierls stress. Table 1
Structural and elastic parameters of MgSiO3 bridgmanite computed at 30 and 
60 GPa.
P = 30 GPa P = 60 GPa
a (Å) 4.65 4.54
b (Å) 4.76 4.66
c (Å) 6.72 6.56
μ[100] (GPa) 179.6 206.3
μ[010] (GPa) 177.8 208.0
In Eq. (1), p and q are parameters that control the rate of decrease 
of the critical enthalpy from 2Hk at τ → 0, down to zero when 
τ = τp .
In a thermally activated regime described through the kink-pair 
mechanism, the corresponding dislocation velocity v(τ , T ) can be 
evaluated according to a classical Boltzmann expression (Eq. (2)) 
highlighting the inﬂuence of the temperature on the kink-pair nu-
cleation probability. It should be mentioned here that H∗ , is 
usually independent of T (Schoeck, 1965).
v(τ , T ) = v0 exp
(−H∗(τ )
kT
)
(2)
In Eq. (2), v0 corresponds to a pre-exponential term depending on 
geometrical constants as explained in the following.
Combining Eq. (2) with the Orowan equation which links the 
strain rate ε˙ to the dislocation density ρ of dislocations with Burg-
ers vector b gliding at a velocity v(τ , T ), it turns out that the 
critical stress for dislocation glide can be written according to the 
following relationship:
τ = τp
(
1−
(
C
T
Hk
)1/q)1/p
(3)
where C depends on the investigated strain rate and on the nature 
of the dislocation (in particular on the modulus of the Burgers vec-
tor, and on some geometrical factors describing the slip geometry). 
It is however remarkable that the evolution of the critical stress as 
a function of temperature is fully constrained by a limited num-
ber of parameters, the Peierls stress τp , the single kink enthalpy 
Hk and the set of (p, q) parameters capturing the evolution of the 
kink-pair nucleation enthalpy as a function of the applied stress. 
In the following, the parameters τp and Hk are computed using 
atomistic calculations and we use a so-called kink–kink interaction 
model (Seeger and Schiller, 1962) in order to determine the couple 
(p, q) for a given dislocation and its associated slip plane.
3. Results
3.1. Atomistic calculation of single kink enthalpy Hk
3.1.1. Computational details
Throughout this study, molecular statics calculations are used 
to model the atomic conﬁgurations of straight and kinked dislo-
cations in MgSiO3 bridgmanite. Calculations are performed at two 
different pressures, 30 and 60 GPa characteristic of the upper part 
of the Earth’s lower mantle. The inter-atomic potential (Oganov et 
al., 2000) used as well as the minimization procedure as imple-
mented in the LAMMPS package (Plimpton, 1995) are described in 
Hirel et al. (2014) and Kraych et al. (2016). The lattice parameters 
of bridgmanite, computed at 30 and 60 GPa, are listed in Table 1 as 
well as the corresponding shear modulus for [100] and [010] dislo-
cations. Atomic kink conﬁgurations are determined by minimizing
the energy of a simulation cell containing a dipole of kink-bearing 
dislocations (Fig. 2). The system size is chosen to be large enough 
to allow a full relaxation of the kink. A typical system size involves 
therefore more than 106 atoms. Although the relaxed conﬁguration 
62 A. Kraych et al. / Earth and Planetary Science Letters 452 (2016) 60–68Fig. 2. Typical simulation system used to compute the enthalpy of kinks. Simulation 
cell (of length 23c × 22b × 24a) contains a dipole of screw dislocations (here of 
Burgers vector [100]). Each dislocation exhibits a kink-pair along the z direction. For 
sake of visualization, only magnesium atoms are displayed. Atoms in the vicinity 
of the dislocation cores are colored according to a central-symmetry criteria. (For 
interpretation of the references to color in this ﬁgure, the reader is referred to the 
web version of this article.)
Table 2
Summary of key properties for screw dislocations of [100](010) and [010](100) slip 
systems. Peierls stresses are taken from Hirel et al. (2014). The projected length λ of 
an isolated kink is given in units of b. Hk corresponds to the single kink enthalpy. 
Dimensionless parameters (p, q) describe the evolution of the nucleation kink-pair 
enthalpy as a function of stress (see text for details).
[100](010) [010](100)
P = 30 GPa P = 60 GPa P = 30 GPa P = 60 GPa
τp (GPa) 4.9 9.0 4.5 10.8
Hk (eV) 9.5 10.2 5.9 10.7
Hk/μb3 0.084 0.085 0.049 0.081
λ 3.3 4.5 3.8 3.3
p,q 0.5, 1.0 0.53, 1.45 0.59, 2.32 0.55, 1.71
of isolated kinks can be achieved in a ﬁnite system, the single kink 
energy, extracted from atomistic calculations, has to be corrected 
from the elastic interaction between kinks.
3.1.2. Application to single kinks on screw dislocation cores of Burgers 
vector [100] and [010]
Kinks conﬁgurations are modeled for [100] screw dislocation 
in (010), and [010] screw dislocations in (100). The kink proﬁles 
are plotted in Fig. 3. Their structures have been extracted from 
the atomistic calculations by computing the evolution of the dis-
registry along the dislocation line across the glide plane. A quan-
titative analysis of the kink spreading along the dislocation line 
(spatial coordinate z, see Fig. 2) has been performed by ﬁtting 
the diregistries with respect to the following expression (Joós and 
Zhou, 2001):
fk(z) = 2a
′
π
arctan
(
exp
(
π z
λb
))
(4)
In Eq. (4), λ can be viewed as a measurement of the spreading of 
an isolated kink of height a′ . The corresponding values of λ for the 
four kinks investigated are given in Table 2. It is worth noticing 
that for the four conﬁgurations, the kinks are widely spread with 
λ > 3.
The values of Hk for the different glide systems are listed in 
Table 2. For [100](010) at 30 and 60 GPa, the kink enthalpies are 
close to 10 eV. The increase of pressure has a small inﬂuence on 
the reduced expression Hk/μb3 showing that the increase of Hk
with pressure is mostly driven by the pressure dependence of the 
elastic constants. In case of [010](100), we ﬁnd a stronger effect of 
pressure on the kink enthalpy as Hk increases from 6 eV at 30 GPa Fig. 3. Kink proﬁles at 30 and 60 GPa for (a) [100] screw dislocation in (010), 
(b) [010] screw dislocation in (100). Coordinates x and z correspond respectively 
to the glide direction and the dislocation line (as indicated in Fig. 2).
to 10 eV at 60 GPa, which is not entirely due to elasticity as shown 
by the evolution of the Hk/μb3 ratio in Table 2.
3.2. Atomistic evaluation of the Peierls stress τp
3.2.1. Computational details
As mentioned in the Methods section, the Peierls stress corre-
sponds to the minimum stress required to move a dislocation in 
absence of thermal activation. It corresponds therefore to a purely 
mechanical measurement of the lattice friction borne by a dis-
location. Classically, Peierls stress investigations at atomic scale 
rely on a computational system containing one straight disloca-
tion on which an appropriate simple shear strain is applied to 
maximize the shear stress in the glide plane. The applied shear 
strain is then incrementally increased with a force minimization 
procedure being applied at each increment. Then monitoring the 
disregistry allows precise determination of the stress required to 
move the dislocation in the absence of temperature. The corre-
sponding Peierls stress is thus determined from the derivative of 
the system’s potential energy with respect to the shear displace-
ments. This procedure has been applied to bridgmanite in Hirel et 
al. (2014). However, the Peierls stress can also be determined by 
computing directly the lattice friction through the computation of 
the Peierls potential V p . Such calculations involve the computation 
of the Minimum Energy Path (MEP) between two stable positions 
of the dislocation core in the bridgmanite lattice. MEP can be ac-
curately determined from Nudged Elastic Band (NEB) algorithms. 
In this study, NEB calculations are performed to compute the MEP 
for [100] and [010] dislocations in respectively (010) and (100) at 
60 GPa. The NEB allows to determine dislocation transitory con-
ﬁgurations and their energies, by relaxing atomic conﬁgurations 
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screw dislocation in (010) and [010] screw dislocation in (100). The Peierls potential 
is plotted as a function of the dislocation position between two adjacent Peierls 
valleys.
with respects to the inter-atomic forces, and to artiﬁcial spring 
forces binding the transitory conﬁgurations together (Jónsson et al., 
1998). For a complete overview of the simulation cells and calcu-
lation procedures, we refer to Kraych et al. (2016).
3.2.2. Peierls stress and lattice friction as a function of pressure
The Peierls potential of [100](010) and [010](100) screw dislo-
cations at 60 GPa are plotted in Fig. 4. For [100](010) slip system, 
the Peierls potential for the screw component is highly asymmet-
ric. Such asymmetry in V p was already observed at 30 GPa. It re-
sults from the glide mechanism of the dislocation itself. During its 
glide, the dislocation core exhibits an unstable structure which in-
volves spreading up to the formation of two fractional dislocations 
(Schoeck, 2001). During motion, the leading fractional dislocation 
starts to move while the other remains immobile (Fig. 5). When 
the leading fractional dislocation has reached the next stable posi-
tion, the tailing fractional dislocation starts to glide until it reaches 
the other one at its ﬁnal position. One may notice that such a glide 
mechanism occurs at 30 and 60 GPa, with however a noticeable 
increase of the energy barrier at 60 GPa. Indeed, the maximum val-
ues of the Peierls potential are 1.17 eV/b at 30 GPa, and 1.48 eV/b
at 60 GPa.
In contrast to [100](010), the Peierls potential for [010](100) 
is symmetric with a maximum value of 1.3 eV/b at 60 GPa. The 
intrinsic lattice resistance of (100) to plastic shear is therefore 
slightly lower than the one of (010). The glide mechanism of [010] 
dislocations shows similarities with the one of the [100] disloca-
tions. Here again, dislocation glide involves a fractionated process. 
It occurs however in two steps (Fig. 5). The two fractional disloca-
tions move ﬁrst, one by one, at midway, and secondly toward the 
next stable position. As a consequence of this two stages behavior, 
no asymmetry is observed on V p .
The Peierls stress τp can be calculated from the spatial deriva-
tive of the Peierls potential according to τp · b = {dV p/dx}max . At 
60 GPa, Peierls stresses deduced from Fig. 4 for [100](010) and 
[010](100) are thus 7.5 GPa and 9.2 GPa respectively. Compared 
to τp computed from direct application of shear strain (Hirel et 
al., 2014), such derivation of V p tends to slightly underestimate 
the Peierls stress. However, it is important to point out that the 
present calculation of V p does not account for the sensitivity of the 
Peierls potential to the applied stress (see for instance Kraych et al., 
2016). As a consequence, the following relies on Peierls stresses re-
ported in Hirel et al. (2014) as summarized Table 2.Fig. 5. Variation of the dislocation structure during its glide. The dislocation struc-
ture is plotted through the density of Burgers vector, i.e. the derivative of the 
disregistry function. (a) Density of Burgers vector for a [100] dislocation gliding in 
(010) at 60 GPa, with the associated Peierls potential. (b) Density of Burgers vec-
tor for a [010] dislocation gliding in (100) at 60 GPa, with the associated Peierls 
potential.
3.3. Critical nucleation enthalpy of kink-pair at low stress
Since we determine the energy of an isolated kink, it is possi-
ble to model the nucleation of kink-pairs under an applied stress. 
At low stress, the kink-pair is composed by two kinks of height a′ , 
distant from each other by a width w . Increasing the stress, the 
width between kinks will necessary decrease to ﬁnally reach a nar-
row bulge conﬁguration at high stress. For a kink-pair of width 
w larger than its height a′ , Seeger and Schiller (1962) proposed 
a long-range interaction model to determine the kink-pair criti-
cal nucleation enthalpy. The total kink-pair formation enthalpy H
is the sum of the enthalpies of two individual kinks and of their 
interaction energy. The latter is proposed to be inversely propor-
tional to the separation distance w , as for two electrical point 
charges (see also Caillard and Martin, 2003). Under stress, the 
nucleation enthalpy is given by Eq. (5) where the last term cor-
responds to the work of the applied stress.
H(τ ,w) = 2Hk − αμb2 a
′ 2
w
− τba′w (5)
The second term in Eq. (5) corresponds to the long-range interac-
tion between kinks. α is a constant related to the intensity of the 
“coulombic” interaction between kinks, and the factor μb2 is in-
troduced for the sake of dimensionality. As demonstrated in the 
Appendix, the use of an Elastic Interaction model, as proposed by 
Koizumi et al. (1993, 1994), allows to validate our choice of relying 
on the kink–kink interaction model (Eq. (5)) for bridgmanite with 
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the applied stress at 30 and 60 GPa for (a) [100] screw dislocation in (010) and 
(b) [010] screw dislocation in (100). Inserts show the evolution of the critical width 
between kinks as a function of stress.
a single constant α equal to 0.17 for both slip systems [010](100) 
and [100](010).
From Eq. (5), the critical (labeled by “∗”) kink-pair conﬁgura-
tion is obtained by minimizing the nucleation enthalpy with re-
spect to the variable width w . A straightforward calculation leads 
to the following dependencies for the critical conﬁguration width 
w∗ (Eq. (6)) and the associated critical nucleation enthalpy H∗
(Eq. (7)).
w∗ =
√
αμba′
τ
(6)
H∗(τ ) = 2Hk − 3
√
a′b ·√2αμτ (7)
According to Eq. (7), introducing values of Hk computed at the 
atomic scale, we can further calculate the evolution of H∗ as 
a function of the applied stress for the four cases of interest as 
shown in Fig. 6. The constraints of H∗ at low stress combined 
with the knowledge of the Peierls stress enables to ﬁt the pa-
rameters (p, q) of Eq. (1). We report in Table 2 the results of the 
adjustment procedure for the two investigated slip systems. For 
[010](100), one may notice the strong increase of the kink-pair nu-
cleation enthalpy as the pressure increases from 30 to 60 GPa.
3.4. Critical resolved shear stress for [100] and [010] dislocations in 
bridgmanite
According to Eq. (3), the critical resolved shear stresses for dis-
locations gliding in (010) and (100) can be determined using the Fig. 7. Stress evolution as a function of temperature, for glide of [100] and [010] 
dislocation in bridgmanite (Bg) under a strain rate of 10−5 s−1. In order to com-
pare with experimental data coming from polycrystalline deformation experiments, 
we deﬁne a ﬁrst order engineering stress corresponding to twice of the critical re-
solved shear stress, i.e. meaning that we maximize the Schmid factor. Results of 
present modeling are compared with experimental available data for bridgmanite 
(symbols), and numerical study of 1/2〈110〉{110} and 1/2〈110〉{100} dislocations 
glide in periclase (MgO) taken from Amodeo et al. (2012).
relevant parameters taken from Table 2. It should be nevertheless 
stressed that a given imposed strain rate has to be deﬁned as it 
directly imposes the value of the C factor appearing in Eq. (3). As-
suming that the critical stress corresponds to the minimal stress 
required to promote the dislocation motion according to the kink-
pair mechanism, we can further show that C will be directly re-
lated to the imposed strain rate and the geometry of the slip. 
Based on the seminal work of Dorn and Rajnak (1964), for a given 
strain rate ε˙, C can be rewritten as:
C = k
2
ln
(
νDa′b2
2w∗2
√
ρ
ε˙
)
(8)
where νD stands for the Debye frequency (calculated as 3 ×
1013 s−1 in this material), w∗ resulting from Eq. (6) describes the 
bow-out conﬁguration of the kink-pair mechanism operating on 
a dislocation of Burgers b gliding by incremental step a′ . Taken 
through a logarithm, the sensitivity of w∗ to the stress is negligi-
ble and one can assume a typical constant value of 10b for w∗ . 
Thus, C is much more constrained by the choice of a dislocation 
density ρ and of a given strain rate ε˙.
For a typical laboratory strain rate of 10−5 s−1, we use a dislo-
cation density of 1013 m−2 as reported in Miyajima et al. (2009). 
Within such conditions, C = 1.34 ×10−3 eV/K and the evolution of 
the critical resolved shear stress for the two slip systems of inter-
est is reported in Fig. 7. For further comparisons with experimental 
data of the strength of bridgmanite, we translate our calculations 
into an engineering stress corresponding to the critical resolved 
shear stress divided by 1/2, i.e. the maximum value of a Schmid 
factor.
For mantle convection, a typical value for the strain rate of 
10−16 s−1 is considered (Forte and Mitrovica, 2001) with a disloca-
tion density of 108 m−2. Therefore, for Earth’s mantle conditions, 
C becomes 2.18 × 10−3 eV/K. The moderate increase of C result-
ing from the change of strain rate conditions further conﬁrms that 
C dependences are largely damped out by the logarithmic formu-
lation. The resulting critical resolved shear stresses are plotted in 
Fig. 8.
A. Kraych et al. / Earth and Planetary Science Letters 452 (2016) 60–68 65Fig. 8. Critical resolved shear stress evolution as a function of temperature, calcu-
lated from the glide of [100] and [010] dislocations in bridgmanite (Bg) at a typical 
mantle strain rate of 10−16 s−1. a) at 30 GPa, b) at 60 GPa. Comparison is provided 
with the results on the glide of 1/2〈110〉{110} and 1/2〈110〉{100} dislocations in 
periclase (MgO) taken from Amodeo et al. (2012) and calculated under the same 
conditions (in blue). (For interpretation of the references to color in this ﬁgure leg-
end, the reader is referred to the web version of this article.)
4. Discussion
In this study, we present an extensive model of dislocation glide 
in bridgmanite based on multi-scale numerical modeling. This ap-
proach combines standard models of dislocation theory which are 
informed by a few calculations, performed at the atomic scale. It is 
applied to dislocations from slip systems expected to be the eas-
iest (Ferré et al., 2007; Hirel et al., 2014). Our results are thus 
aimed at providing a lower bound of the mechanical properties of 
bridgmanite as long as glide only is concerned. A very important 
parameter is the core structure of the dislocations, i.e. the atomic 
arrangement around the dislocation line since it has a paramount 
inﬂuence on the dislocation mobility. This core structure has been 
determined in previous studies (Hirel et al., 2014). Screw dislo-
cations which are considered here exhibit a rather narrow core 
(1.5 × c and 2 × c for [100] and [010] respectively) with however 
a clear tendency for spreading in a given plane ((010) for [100] 
dislocations and (100) for [010] dislocations) which constrains the 
slip plane. We see here that under stress, this spreading gives rise 
to two well-individualized fractional dislocations. The respective 
motion of these fractional dislocations play an important role on 
the glide mechanism and hence on the lattice friction borne by 
the dislocations. We show that for [100] screw dislocations the 
fractional dislocations exhibit uncorrelated displacements whereas they move together for [010] screw dislocations. The key ques-
tion addressed in the present study is nonetheless how the con-
jugate inﬂuence of stress and temperature assist dislocation glide 
in bridgmanite.
Below a critical temperature often called the “athermal temper-
ature” (e.g. Kubin, 2013), plastic ﬂow is controlled by the intrinsic 
dislocation glide properties and therefore by the capability to nu-
cleate and propagate a kink-pair on dislocation segments. The con-
jugate inﬂuence of stress and temperature in this regime leads to a 
decrease of the critical resolved shear stress as the temperature in-
creases. From Eq. (3), the “athermal temperature” can be estimated 
and corresponds within our notation to Hk/C . Hk values between 
5 and 10 eV, as computed in this study, mean that the yield stress 
would become athermal above 4000 K or even higher as Hk is 
shown to increase with pressure whereas in the same time, C can 
be considered as a constant to a good approximation. As a con-
sequence, with respect to the melting temperature of bridgmanite 
(Stixrude, 2005), dislocation glide in bridgmanite necessarily in-
volves a kink-pair mechanism.
The evaluation of dislocation velocities and thus of the critical 
shear stress are based on the assumption that kink-pair nucleation 
(and not migration) represents the limiting step for dislocation 
motion. This assumption is validated by the atomic kink conﬁg-
urations showing that kinks are widely spread with an extension 
greater than 3b (Table 2). Indeed, for widely spread kinks, accord-
ing to classical description of kink-pair mechanism (e.g. Joós and 
Zhou, 2001; Caillard and Martin, 2003), migration energy is at least 
one order of magnitude lower than nucleation energy. Finally, it is 
worth to recall that we use a simpliﬁed model to further eval-
uate the evolution of H∗ for kink-pairs as a function of stress. 
The kink–kink interaction model proposed by Seeger and Schiller
(1962) used here is known to be valid at low stress. By low stress, 
one means typically a stress below 25% of the Peierls stress. The 
critical kink-pair nucleation enthalpies have thus been determined 
for bridgmanite in this stress range (i.e. between 0 and 3 GPa). 
Extrapolations to higher stress and therefore lower temperature 
(Fig. 6) are based on a ﬁtting procedure of parameters (p, q) of 
Eq. (1). This explains why p parameters are found close to 0.5 
whatever the pressure or the slip system investigated. Close to the 
Peierls stress (or at low temperature), the accuracy of the extrap-
olations is questionable. At low temperature, it is thus preferable 
to consider our calculations as lower bound of the critical resolved 
shear stress. Nevertheless, above a typical temperature of 1500 K, 
high lattice friction of bridgmanite satisﬁes the inherent assump-
tions of a kink–kink interaction model such as proposed by Seeger 
and Schiller (1962).
Deforming high-pressure phases in mantle-relevant pressure 
and temperature conditions remains a very challenging issue. Sig-
niﬁcant progress have been achieved however with the develop-
ment of the D-DIA (Wang et al., 2003) and of the Rotational De-
formation Apparatus (RDA, Yamazaki and Karato, 2001). Pioneering 
results on transition zone minerals showed high-stress levels, even 
at high-temperature (Weidner et al., 2001). Recently, Girard et al.
(2016) provided the ﬁrst rheological data for a bridgmanite plus 
ferropericlase assemblage deformed under uppermost lower man-
tle conditions. These results provide a possibility to assess the 
outcome of our theoretical predictions. The exercise is not straight-
forward. Girard et al.’s data describe the strength of a two-phase 
polycrystal. The in situ measurement of lattice strains provides 
however information on the respective contribution of individual 
phases. Still we are here dealing with the mechanical response of 
bridgmanite grains to tri-axial loading also involving the contribu-
tion of grain boundaries. Their experiments, involving large strains 
may also capture the contribution of strain-hardening. In compar-
ison, we provide information on the onset of dislocation glide. 
This is the reason why, for the comparison presented in Fig. 7, 
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to the smallest strains, i.e. before the development of strain hard-
ening. Also, since we calculate resolved shear stresses, we have 
multiplied our results by the maximum value of the Schmid factor 
to get a proxy of an engineering stress which is more compara-
ble to the outcome of the experiments. Still, care must be taken 
in the comparison of these two results which should be regarded 
as a ﬁrst-order evaluation only. It appears however remarkable 
that both approaches lead to the same conclusions that, even at 
high-temperature, high stress levels are necessary to deform bridg-
manite. This consistency strongly suggests that high-lattice friction 
is the key parameter (not disregarding the possible contribution of 
other mechanisms) which determines the strength of bridgmanite 
at laboratory strain-rates, even at high temperature. The compar-
ison between these experiments and theoretical predictions can 
even go one step further. Girard et al. (2016) gained information 
on the stress partitioning between bridgmanite and ferropericlase. 
They show that there is a signiﬁcant rheology contrast between 
the two phases, bridgmanite being the stronger. A theoretical ap-
proach, similar to the one developed here has been already applied 
to MgO (Amodeo et al., 2012). MgO results are reported in Figs. 7
and 8 for comparison. Although Amodeo et al. (2012) pointed to 
a signiﬁcant hardening of MgO under pressure resulting from in-
creasing lattice friction, we reach the same conclusions as Girard 
et al. (2016) on the rheology contrast between the two phases as 
far as dislocation glide is concerned.
All recent experimental investigations performed on the rhe-
ology of bridgmanite (Girard et al., 2016) and (ferro)periclase 
(Marquardt and Miyagi, 2015; Girard et al., 2016) at mantle pres-
sure lead to the conclusion that under pressure these phases are 
very strong. Our theoretical calculations on MgO (Cordier et al., 
2012) and here on bridgmanite are in excellent agreement with 
these results and demonstrate that the strong pressure increase 
of lattice friction opposed to dislocation glide is the cause of this 
behavior. The question is however how much of this strength re-
mains at extremely low strain-rates operating in mantle convec-
tion.
At low strain-rates, it is easier to deform a material in the 
thermally activated regime since thermally activated events (here 
nucleation of a kink-pair) have more time to occur. This has two 
consequences: (i) lower stress levels are needed at a given tem-
perature, (ii) the transition temperature to the athermal regime 
is shifted to lower values. This effect has been well illustrated 
in our previous study on MgO (Cordier et al., 2012). Extrapolat-
ing the results of deformation experiments obtained at laboratory 
strain-rates to mantle conditions over several orders of magnitude 
remains extremely speculative if one relies only on empirically-
based constitutive equations. However, being based on a physical 
description of the mechanisms, our calculations are able to de-
scribe the mobility of dislocations under mantle strain-rates with 
no extrapolation.
Here we show that lattice friction is so high that bridgmanite 
remains always in the thermally activated regime, even at mantle 
strain-rates. Also, although stresses are smaller than at laboratory 
strain-rates, they remain at a signiﬁcant level under mantle condi-
tions. Translated into viscosities, these stresses would lead to val-
ues in the range 1024–1025 Pa s. The strength of bridgmanite under 
mantle conditions correlates well with the outcome of seismic 
tomography which shows that although materials is transported 
through the transition zone, slabs tend to slow down and even 
stagnate at different depths, including in the uppermost lower 
mantle (Fukao et al., 2009). Whether this effect corresponds to a 
continuous increase from 660 km or to a midmantle jump at about 
1000 km is still debated however (Rudolph et al., 2015; King, 2016;
Liu and Zhong, 2016). Our results suggest that this strengthening 
correlates with the fact that a potential deformation mechanism, dislocation glide, is inhibited under those conditions in the volu-
metric dominant phase of the lower mantle: bridgmanite.
The high viscosities that would result from the sole activation 
of dislocation glide demonstrate that other mechanisms are at play 
in the Earth’s mantle. The contribution of diffusion creep has been 
assessed quantitatively recently (Glišovic et al., 2015) showing that 
it could provide a relevant mechanism provided that the grain 
size is of the order of a millimetre. Given this limitation, further 
attention should be paid to other mechanisms. If the grain size re-
mains at the millimetre level or below, the role of grain boundaries 
should be also assessed. Also, dislocation creep does not involve 
dislocation glide only, but also climb resulting from the absorp-
tion of point defects from dislocations. Since it has been shown 
recently that electric charges carried by dislocations in bridgman-
ite provide a strong interaction mechanism with vacancies (Hirel et 
al., 2016), the potential role of climb on creep in bridgmanite ap-
pears to need further attention in the future since it is clear that 
one of the cited mechanisms must control the rheology of bridg-
manite in the lower mantle.
5. Conclusions
The present work provides constraints on dislocation creep of 
MgSiO3 bridgmanite due to the activation of [100] and [010] dis-
locations, which are the easiest glide systems. Our model provides 
mechanical data with no adjustable parameters that are validated 
by the few deformation experiments that have been performed on 
MgSiO3 bridgmanite. This conﬁrms that during laboratory experi-
ments, even at high temperature, the rheology of bridgmanite is 
strongly controlled by the high lattice friction opposed to disloca-
tion glide. When applied to the deformation conditions that prevail 
in the lower mantle (low strain rate, high pressure and tempera-
ture), our calculations predict that dislocation glide in bridgmanite 
still requires high stress levels. This strengthening of bridgmanite 
correlates well with the viscosity jump associated with the upper-
most lower mantle. However, other mechanisms (intracrystalline 
or at grain boundaries) involving diffusion must operate to account 
for the plastic ﬂow of bridgmanite in the lower mantle. More work 
is needed to quantify these processes.
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Appendix A
One of the main issues of this study is to evaluate the nucle-
ation critical enthalpy for a kink-pair, H∗(τ ). Theoretical descrip-
tion of deformation processes involving the kink-pair mechanism 
has been successfully applied in a variety of materials, including 
body-centered cubic metals (Xu and Moriarty, 1998; Proville et 
al., 2013; Gröger and Vitek, 2013), covalent materials like silicon 
(Pizzagalli et al., 2008), or ionic materials such as MgO (Amodeo 
et al., 2012), ceramics or SrTiO3 perovskite (Mitchell et al., 1999;
Carrez et al., 2010).
The total energy change due to the nucleation of a kink-pair 
results from three main contributions according to the following 
relationship:
H(τ ) = Eelas + WP − Wτ (A.1)
A. Kraych et al. / Earth and Planetary Science Letters 452 (2016) 60–68 67Fig. A.1. Critical nucleation enthalpy of kink-pair H∗(τ ) of [100] screw dislocation 
in (010) at 30 and 60 GPa and [010] screw dislocation in (100) at 60 GPa calculated 
from the (EI) model (ﬁlled symbols), with the results (broken line) of the kink–kink 
interaction model (Eq. (7)). For the kink–kink interaction model, the long-range in-
teraction are computed with α = 0.17.
where Eelas represents the positive increase of elastic energy as-
sociated to the formation a kink-pair, WP is the energy due to 
the part of the dislocation lying over the Peierls potential, and Wτ
represents the work of the applied stress.
Several models have been proposed to compute this change 
in enthalpy that has to be supplied by thermal activation to en-
hance the formation of a pair of kinks (Caillard and Martin, 2003). 
Most approaches differ only by the mathematical treatment of the 
change in elastic energy Eelas (Suzuki et al., 1995). Indeed, the 
technical problem relies in the calculation of the elastic energy of 
the bulge in the dislocation. Koizumi and co-workers (Koizumi et 
al., 1993) proposed, as an alternative to a double integral over the 
dislocation line, to discretize the problem into a double sum by 
considering the continuous curved bulge as a polygon for which 
the elastic interactions (EI) between segments are well known and 
available in Hirth and Lothe (1982). A further extension of such 
discretization to a trapezoidal shape model was then proposed 
and showed remarkable agreement with a wealth of experimental 
data (Koizumi et al., 1994; Suzuki et al., 1995). Also, we recently 
demonstrated that such EI model is able to reproduce experimental 
data for ionic compounds such as MgO (Amodeo et al., 2012) and 
satisﬁes with atomistic calculations in case of bridgmanite MgSiO3
(Kraych et al., 2016).
One remarkable achievement of elastic interaction model based 
on trapezoidal kink-pair shape is to be not only applicable to low 
stress region but also to intermediate or even high stresses. There-
fore it should satisfy with the so-called line tension model (Dorn 
and Rajnak, 1964) (at high or intermediate stress) and with kink–
kink interaction model at low stress. As pointed out by Seeger 
and Schiller (1962), at low stresses, long range interaction between 
isolated kinks dominates the saddle point conﬁguration and asso-
ciated energy. Therefore, we decide to parameterize the numerical 
factor α occurring in Eq. (5) accordingly to EI model calculations. 
Considering the two slip systems [100](010) and [010](100) of 
bridgmanite and the two typical pressure conditions investigated 
in this study, we computed the evolution of H∗(τ ) resulting from 
the application of EI model (for a complete description of EI model 
applied to bridgmanite, one may refer to Kraych et al., 2016). Re-
sults of EI model are plotted in Fig. A.1. It turns out that for a 
typical value of α = 0.17, whatever the slip system or the inves-
tigated pressure, kink–kink interaction model coincides perfectly 
with EI calculations (Fig. A.1). Since α corresponds to a long-range 
“coulombic-like” interaction, there is indeed no reason for strong 
variations between different slip systems in the same material.The remarkable agreement between the two models is never-
theless restricted to low stress region, i.e. τ < 0.25τP . Above, the 
solution of kink–kink interaction model follows a square root de-
pendence greatly different from the slope obtained with EI model. 
This explains why we only rely on the kink-pair model at small 
stresses and extrapolates the nucleation enthalpy evolution down 
to zero at the Peierls stress through the use of Eq. (1) which en-
sure a steeper slope of H∗(τ ) at higher stress.
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